Polyethylene glycol (PEG)-modified bovine adenosine deaminase (ADA) is used for replacement therapy of severe combined immunodeficiency disease due to inherited ADA deficiency. We monitored IgG anti-ADA antibody in 17 patients treated by intramuscular injections of PEG-ADA for 1 to > 5.5 yr. ELISA-detectable anti-ADA IgG appeared in 10 patients, usually between the third and eighth months oftreatment. Anti-ADA levels did not correlate with trough plasma ADA activity, which averaged 1.8-5 times normal blood (erythrocyte) ADA activity, depending on dose (15-60 U/kg per wk). ELISA-detectable anti-ADA antibodies were directed primarily at bovine-specific peptide (rather than PEG-containing) epitopes. Enhanced enzyme clearance, mediated by antibody that directly inhibited native and PEG-modified bovine ADA, and native, but not PEG-modified human ADA, occurred in two patients. In one, tolerance was induced; in the second, twice weekly injections of PEG-ADA compensated for accelerated clearance. We speculate that inhibitory antibodies recognize conserved, relatively PEG-free epitope(s) encompassing the active site, and that in human, but not bovine, ADA a PEG-attachment site "shields" the active site from immune recognition. We conclude that PEG-modification largely prevents the development of high affinity, or high levels of, clearing antibodies to bovine ADA, and that PEG-modified human ADA should be further investigated as a possible treatment for ADA deficiency.
Introduction
The technique of modifying proteins by covalent addition of polyethylene glycol (PEG), aimed at slowing degradation and reducing immunogenicity, was developed to improve the characteristics ofenzymes and other proteins for parenteral therapy (1) (2) (3) . The approach has first been tested in the treatment of severe combined immunodeficiency disease (SCID)' due to in- 1 . Abbreviations used in this paper: ADA, adenosine deaminase; AdoHcyase, S-adenosylhomocysteine hydrolase; dAXP, total adenine deoxyribonucleotides; IVIg, intravenous Ig; PNP, purine nucleoside phosphorylase; SCID, severe combined immunodeficiency disease.
herited deficiency ofadenosine deaminase (ADA) (4) (5) (6) . Initial studies of patients treated for several months with PEG-modified bovine ADA (PEG-ADA, ADAGENT) showed that weekly intramuscular injections produced high levels of ADA activity in plasma, corrected metabolic abnormalities, and led to improved immune function (6) (7) (8) (9) .
Successful replacement therapy of this usually fatal disorder requires continuous maintenance of high circulating levels ofADA activity, which could be jeopardized by the development of clearing antibodies to PEG-ADA. Before clinical trial, PEGylation had been shown to reduce both the antigenicity and the immunogenicity of bovine ADA in mice (10) . Nevertheless, there were concerns that residual immunogenicity would limit the use ofPEG-ADA in humans as chronic replacement therapy of ADA deficiency (1 1). Indeed, treatment with PEG-ADA entails significant, repeated antigenic challenge: 2.5 ml of the clinical preparation ADAGENT, which several patients receive weekly, has the ADA activity of _ 1012 normal T cells or 4.5 liters of normal erythrocytes. Antibodies could arise towards "nonhuman" regions of PEG-ADA, either bovinespecific peptide segments or epitopes involving PEG. Conserved regions might also be immunogenic in patients who may never have developed tolerance to the native human ADA gene product: in addition to their immune deficit, most cell lines from ADA-deficient SCID patients have lacked or had very low levels of immunologically detectable ADA (12, 13) . We have tried to address these issues and to define the evolution of IgG anti-ADA antibodies and their impact on therapy in 17 of the first 18 patients, who have been under treatment with PEG-ADA for 1.5 to > 5.5 yr.
Methods PEG-modified bovine ADA (PEG-ADA, ADAGENT) and disuccinyl-monomethoxyPEG, M, 5,000 (14) were provided by Enzon, Inc. (South Plainfield, NJ). The PEG enzyme was supplied as a sterile solution in 0.05 M potassium phosphate buffer, pH 7.4, containing 250 U of ADA activity per ml measured at 250, -550 U/ml measured at 370 (1 U = conversion of 1 jumol of adenosine to inosine per min). Lots of PEG-ADA were changed according to the schedule of production. Except for brief periods, all patients were treated with the same lot of enzyme at any time.
Calf intestinal ADA was obtained from Sigma Chemical Co. (St. Louis, MO) and from Enzon. The preparation and characterization of PEG-modified Escherichia coli PEG-modified purine nucleoside phosphorylase (PNP) have been described (15) . Purified recombinant human ADA was generously provided by Dr. Fred Rudolph, Rice University. It was treated with disuccinyl-monomethoxy PEG as described for preparation of PEG-PNP (15) , resulting in modification of 40% of primary amino groups, as estimated by reaction with fluorescamine (16) .
Enzyme assays and measurement oferythrocyte nucleotides. Fractionation of heparinized blood, radiochemical assays for plasma ADA and erythrocyte S-adenosylhomocysteine hydrolase (AdoHcyase) activities, and HPLC analysis oftotal erythrocyte adenine deoxyribonucleotides (dAXP) were performed as previously described and referenced in (6, 17) . Protein was determined by the BCA method (Pierce Chemical Co., Rockford, IL).
Preparation ofIgG from plasma. Plasma was diluted 1:1 with 0.15 M NaCl, 0.01 M potassium phosphate, pH 7.0, 5 mM EDTA (PBS/ EDTA) and centrifuged for 20 min in a microcentrifuge; then 0.45 ml of supernatant was applied to a l-ml column of Protein A Sepharose CL-4B (Sigma Chemical Co.) equilibrated with PBS/EDTA. After 30 min the column was washed with 21 ml of PBS/EDTA (ADA activity eluted in this step). IgG was then eluted with 6 ml of 0.1 M sodium citrate, pH 3.0. After dialysis against PBS, the IgG fraction was brought to 40% saturated ammonium sulfate and kept on ice for 1 h; the precipitate was then collected by centrifugation, washed with 40% saturated ammonium sulfate, dissolved in 0.2-0.3 ml of PBS, and dialyzed overnight against PBS. The final volume was brought to 0.45 ml with PBS and stored at -70°.
ELISA After overnight incubation at 40, these mixtures were tested in the ELISA as above (i.e., using unmodified bovine ADA as the immobilized antigen). A decrease in ELISA response relative to the control indicated binding of antibody by the antigen in solution.
Assay for ADA-inhibitory antibody. Duplicate aliquots (usually 10 Ml) of patient plasma or plasma IgG fraction (fraction B above), or an equal volume of 0.1% bovine serum albumin in PBS (PBS/BSA), were combined with PEG-ADA (0.1-0.3 mU at 370, prepared by dilution in PBS/BSA) and brought to 50 ul with PBS/BSA. After 30 min, 5 1d aliquots were removed for radiochemical assay of ADA activity (final vol 50 Ml) (17) . Reactions performed without PEG-ADA were used to correct for ADA activity in the plasma or IgG fraction (the latter was always negligible). Percent inhibition of ADA activity was determined relative to activity obtained with PBS/BSA. The same procedure was used to measure inhibition of unmodified bovine ADA and human ADA (native and PEG-modified).
Patient characteristics. We evaluated anti-ADA antibody responses during 12-58 mo oftreatment in 17 ofthe first 18 ADA-deficient SCID patients to receive PEG-ADA (designated by number according to the order in which they began treatment). Patient 15, who has been under treatment for 16 mo, is not included because antibody was followed for only the first 6 mo of therapy (none was detected). Six patients began treatment at 3.8-14.9 yr ofage, the other eleven at 6 wk-26 mo (Table I  A) . No patient had an HLA-matched sibling bone marrow donor. Before PEG-ADA, patient 1 had twice received HLA-haploidentical bone marrow transplants, but without stable engraftment (18) ; patients 24 had been treated for 9-10 yr with monthly (approximately) transfu- nor by PEG-ADA (data not shown). As illustrated in Fig. 1 with plasma obtained from patient 4 after 18 mo of therapy, the specific ELISA response was inhibitable by preincubation with either unmodified bovine ADA or PEG-ADA, but not by PEG-modified purine nucleoside phosphorylase. For each patient we determined a mean treatment ELISA value by testing 6-18 samples covering a 6-50-mo period beginning with the sixth to tenth month of therapy (Table I B) . The mean ELISA value has remained negative (< 7.8 units, 2 SD above the mean for controls) in 7 patients; 10 have developed specific anti-ADA IgG responses ranging from 8 to 55 ELISA U (average values). In most cases, the ELISA became positive between the third and eighth month oftherapy (Table I  B) and remained positive thereafter, as illustrated for patients 3 and 4 ( Fig. 2) . There was no correlation between mean ELISA values and mean trough plasma ADA activity (determined from biweekly to bimonthly measurements over the period used to determine average ELISA response) (Fig. 3 A) . Mean plasma ADA activities ranged from 21.2 to 62.7 umol/h per ml (mean ± SD = 29.6±12), or 1.8-5 times the normal level of total erythrocyte ADA activity, and correlated fairly well with the weekly dose of PEG-ADA (Fig. 3 B) . Fig. 4 jg/ml Figure 4 . Inhibition of anti-bovine ADA ELISA. Diluted patient plasma samples were mixed with the indicated concentrations of unmodified bovine ADA (A) or PEG-modified bovine ADA (B), incubated overnight, and then tested by ELISA for IgG antibody to unmodified bovine ADA. The experimental protocol is described in Methods and in the legend to Fig. 1 (Fig. 5) , accelerated enzyme clearance (Fig.  6 A) , and an increase in red cell dAXP (Fig. 6 B) (Table II) . The evolution of ADA inhibitory activity during the first 6 mo of treatment paralleled the development of ELISA-detectable anti-ADA IgG (Fig. 5) .
In an attempt to suppress the effects of antibody (21), PEG-ADA was withheld between weeks 27 and 34, then resumed with three injections of 20 U/kg during week 35, then continued at twice weekly injections ofthis dose for four months (Fig.  5) . The patient also received high dose infusions ofIVIg weekly for a month and a course of prednisone tapered over four months (this regimen and the patient's clinical response to PEG-ADA therapy will be described elsewhere). Six days after PEG-ADA was reinstituted, plasma ADA activity reached 34
,gmol/h per ml but then, despite the more frequent injection schedule, the ADA level fell to 15-17 !Lmol/h per ml on days [9] [10] [11] [12] . This coincided with a sharp, apparently anamnestic increase in IgG ADA-inhibitory activity, which was not reflected in the ELISA (Fig. 5, weeks 34-36 ). Over the next eight weeks ADA inhibitory antibody (but not ELISA-detectable anti-ADA) declined to the pretreatment baseline and plasma ADA activity increased to 41-96 ,umol/h per ml, resulting in depletion of red cell dAXP (Fig. 6 B) . At week 52, PEG-ADA was returned to a single weekly dose of 20 U/kg. The kinetics of PEG-ADA clearance examined during week 54 resembled the pattern observed at the beginning of treatment (Fig. 6 A) .
Trough plasma ADA activity has ranged from 14 to 39 ,gmol/h In the experiment shown in Fig. 7 , inhibition ofADA activity was measured when increasing amounts of PEG-ADA were incubated with a fixed amount of ADA-inhibitory IgG. The units (in moles) of ADA inhibited (i.e., bound by inhibitory antibody) increased in a saturable manner as a function of ADA concentration (Fig. 7 A) . A Scatchard plot of the ratio of inhibited (bound)-to-active (free) enzyme vs. inhibited (bound) enzyme gave a straight line (Fig. 7 B) , indicating a single species of inhibitory antibody. From this plot we estimate a Kd of -0.5 nM for the antibody-PEG-ADA complex (this is similar to an approach used by Ehle et al. [22] to estimate the affinity of enzyme-inhibitory antibodies). Similar studies with unmodified bovine ADA gave an estimated Kd of 0.7 nM (data not shown).
Patient 12 also experienced a fall in plasma ADA after about four months of therapy, which coincided with appearance of a positive anti-ADA IgG ELISA (Fig. 8) [3] [4] ,umol/h per ml and red cell dAXP increased from 6 to 12 to -50 nmol/ml packed cells (Fig. 8) . Twice weekly injections of PEG-ADA (30 U/kg) were resumed, which has maintained plasma ADA activity between 30 and 50 ttmol/h per ml. As reported elsewhere (23) , each decline in plasma ADA activity was accompanied by a fall in red cell AdoHcyase activity and blood lymphocyte count, which reversed with increase in PEG-ADA dose. Patient 12 remains clinically well on continuing therapy with PEG-ADA.
Species specificity of anti-ADA antibodies. We have recently examined the ability of patient anti-ADA antibodies to recognize recombinant human ADA and its PEG-modified derivative. Plasma from 13 patients showed insignificant reaction with unmodified human ADA (ranging from undetectable to 5.8 U) when it was substituted for bovine ADA in the ELISA; patient 6 had a positive response of 11.8 U, vs. 21 U with bovine ADA (Fig. 9 A) . When preincubated with patient plasma at 200 ,gg/ml, unmodified and PEG-modified human ADA failed to inhibit or showed weak inhibition of a standard anti-bovine ADA ELISA compared with their bovine counterparts (data not presented). In contrast to the ELISA results, plasma samples from patients 8 and 12 inhibited the activity of unmodified human ADA, the former to the same degree and the latter -50% of the inhibition of bovine ADA and PEG-ADA preparations (Fig. 9 B) . An important finding was that neither patient plasma inhibited PEG-modified recombinant human ADA.
Discussion
Specific IgG antibody to ADA reached significant levels (> 2 SD above the mean for controls in the standard ELISA) in 10 of the 17 patients studied, usually between three and eight months of treatment. This time course parallels improvement of impaired immune function, although some patients who have developed specific cellular and humoral responses to other antigens have not developed anti-ADA antibody (a separate report will deal with immunologic and clinical responses to treatment). Anti-ADA ELISA levels did not correlate with trough (preinjection) plasma ADA activity and, except in two patients, enzyme levels have been stable in anti-ADA positive patients over periods ranging from 24 to 60 months. We suspect that stable clearance reflects low affinity or low absolute levels of the population of antibodies generated towards epitopes incompletely masked by PEG strands (see below).
In two patients appearance ofanti-ADA IgG was accompanied by a striking fall in plasma ADA activity, enhanced enzyme clearance, and the appearance in plasma ofan IgG inhibitor of both PEG-ADA and unmodified ADA. An empirical approach (21) (details to be described elsewhere) was successful in inducing apparent tolerance to PEG-ADA in patient 8 mechanism that involved T cell suppression (24) . On the other hand, the response in patient 8 resembles the experimental abrogation of primary immunization by high doses of soluble antigen, which may have resulted from direct effects on B cells (25) . Although the use ofsteroids in a patient with SCID should be carried out with caution, the tolerizing regimen used in the present patients was much less intensive than that employed in hemophilia patients with high levels of inhibitory antibodies to Factor VIII:C, which included cyclophosphamide and plasmapheresis or protein A adsorption to remove circulating antibody (26) . Certain conclusions can be drawn regarding the specificity of anti-ADA IgG antibodies. (a) Protein epitopes rather than PEG are recognized: in competition experiments, native and PEG-modified bovine ADA were equally effective in blocking ELISAs performed with either species as the immobilized antigen; in contrast, neither a nonspecific PEG-protein nor free PEG had any effect. (b) Most anti-ADA antibodies recognize bovine-specific rather than conserved epitopes: ELISA responses to immobilized human ADA were low, and human ADA (native or PEG-modified) blocked the anti-bovine ADA ELISA weakly. (c) In contrast to ELISA-detectable antibodies, the inhibitory antibodies of patients 8 and 12 recognize conserved region(s), since they inhibited human as well as bovine ADA. Both of these patients have detectable residual ADA activity so that development of inhibitory antibody is not related to a complete absence of the human ADA gene product. Rather, the active site of the PEG-modified enzyme may be a favorable site for immune recognition and antibody binding.
To preserve activity, PEG strands, which are linked to lysines, cannot be attached to an essential residue or block the active site. Consequently, a relatively PEG-free region around the active site may be an immunologic "Achilles heel." It is significant that while plasma from patients 8 and 12 inhibited native human ADA and native and PEG-modified bovine ADA, PEG-modified human ADA was not inhibited. We postulate that in human (but not bovine) ADA, a site for PEG attachment exists within the active site-related epitope, effectively shielding it from antibody. The postulated PEG-attachment site might also prevent an inhibitory antibody response to human PEG-ADA. The underlying hypothesis, that antibodies to PEG enzymes are generated against and bind to relatively PEG-free regions, is supported by recent studies in mice. We showed that the immunogenicity and antigenicity of PEGmodified wild type purine nucleoside phosphorylase from E. coli could be reduced substantially by using a mutant form of the enzyme in which arginine-to-lysine substitutions had been selectively introduced to provide additional sites for PEG attachment (15) . We are currently investigating the epitope recognized by inhibitory anti-ADA antibody and we are pursuing the possible use of PEG-modified human ADA as a treatment for ADA deficiency.
Treatment with PEG-ADA has been a safe and effective way of maintaining the high levels of circulating ADA activity required to prevent toxic metabolic abnormalities caused by ADA deficiency. In more than five years of use (now in 25 patients) there have been no allergic reactions to PEG-ADA and in no patient has PEG-ADA been discontinued because of immunogenicity. Enhanced enzyme clearance, mediated by antibody, has occurred in two patients. However, it has been relatively easy to induce tolerance or to compensate for accelerated clearance by increasing the frequency of injections. Based on the present and ongoing studies, we recommend monitoring ofpreinjection plasma ADA levels every other week during the first six to eight months of therapy with PEG-ADA, then monthly; assay for anti-ADA antibodies by ELISA and by enzyme inhibition should be performed promptly if a persistent decline in enzyme levels occurs so that measures can be taken to provide appropriate prophylaxis against infection and to restore adequate enzyme levels.
